Laser diffraction (LD) provides detailed analysis of particle size distribution. Its application to testing the stability of soil aggregates can assist studies on the aggregation of soils with contrasting electrochemical properties. The objectives of the present work were: (a) to propose a protocol for using LD to study soil aggregation, (b) to study the aggregation of an Acrisol under the influence of different doses and forms of lime. Samples were collected in 2005 from a Brazilian Acrisol that in 1994 had received 0.0; 2.0; 8.5 and 17.0 Mg ha -1 of lime, left on the soil surface or incorporated. Aggregates from 4.76 to 8.00 mm diameters were studied using the traditional method proposed by Kemper & Chepil (1965) , with wet sieving, while aggregates from 1.00 to 2.00 mm were studied using a CILAS ® laser diffractometer that distinguishes particles ranging from 0.04 to 2,500.00 μ μ μ μ μm. LD readings were made after six consecutive pre-treatments, using agitation times, a chemical dispersion agent and ultrasound. Mean Weighted Diameter (MWD) and the Aggregate Stability Index (ASI) calculated, using the traditional method does not discriminate the treatments. However, LD is able to produce detailed data on soil aggregation, resulting in indexes of stability of aggregates that are linearly related to the doses of lime applied (MWD: R² = 0.986 and ASI: R² = 0.876). It may be concluded that electrochemical changes in the Brazilian Acrisol resulting from incorporated lime affect the stability of aggregates, increasing stability with increased doses of lime.
INTRODUCTION
Soil aggregation is a physical property linked mainly to soil texture, soil structure and management practices (Castro Filho et al., 1998; Silva & Mielniczuc, 1998; Reichert et al., 2003 Reichert et al., , 2006 . Studies regarding soil aggregation produced with the aid of traditional methods, such as those proposed by Kemper & Chepil (1965) lend support to this understanding (Albuquerque et al., 2003; Costa et al., 2004) . Changes in the physical properties of soil have often been attributed to liming practices in an indirect way, due to greater root growth and biological activity, as well as to an increase in soil porosity through plowing during the incorporation procedure (Haynes & Naidu, 1998; Albuquerque et al., 2003; Costa et al., 2004; Griève et al., 2005) . Studies with traditional methods did not find evidences of the link between chemical amendments and the physical and hydraulic properties of soil (Veiga et al., 2008) .
However, it is very well known that liming and fertilization alter soil electrochemistry, e.g. cation exchange capacity, pH, base saturation, and many other soil chemical properties (Rheinheimer et al., 2000; Kaminski et al., 2005; Soratto & Crusciol, 2008) . Certain soil chemical properties are linked to the hydrophilic/hydrophobic character and cohesion/ dispersion forces between the soil particles (Prost et al., 1998; Albuquerque et al., 2003; Pernes-Debuyser & Tessier, 2004; Chaplain et al., 2008) . Changes in the physical properties of soil have been associated with electrochemical alterations in the soil, mainly in longterm experiments (Prost et al., 1998; Albuquerque et al., 2003; Pernes-Debuyser & Tessier, 2004; Bortoluzzi et al., 2008a) . Pernes-Debuyser & Tessier (2004) have reported changes in the chemicophysical properties of a temperate soil in a long-term experiment as a response to different fertilizer sources.
The attempt at establishing a relationship between soil aggregation and changes in electrochemical properties due to soil liming seems to be very difficult using traditional methods. However, instrumental techniques such as laser diffraction (LD) provide detailed analysis of particle size distribution. This is a well-known method in granulometric studies of industrial materials and ocean and also for fluvial sediments (Hsieh, 1984; Beekman et al., 2005; Poleto et al., 2009) , because it is a faster and more reliable method compared to traditional ones (Mudroch et al., 1996) . Even though LD is not so commonly used in soil studies, it has proven to be reliable and effective when applied to soil mineralogy studies (Dur et al., 2004; Bortoluzzi et al., 2008b) , and it can be used in more detailed studies of soil aggregation, because LD technique uses smaller aggregates and few mass of the samples (Muggler et al., 1997; Amézketa et al., 2003) .
The purpose of this study is to better understand aggregation in an acidic subtropical soil in response to liming. It is reasonable to expect that the aggregate stability of the acidic soil may be affected by liming as a response to increases in the levels of pH, Ca 2+ and Mg 2+ , and decreases of H + Al in the soils. These atributes are closely linked with cohesive forces among the soil particles (Le Bissonnais, 1996) . However, in the traditional methods, there are two major drawbacks: first, macro-aggregation is more linked to soil management and mineralogical compounds; second, detailing of the aggregate granulometric classes is limited to the diameter of the mesh of the sieves used to separate them. By applying LD principles to measure the size of the aggregates, these limitations can be by-passed.
In this context, the present work has been carried out in order to: (a) propose a protocol for using the LD to study soil aggregation stability as an alternative to traditional methods, and (b) to study the aggregation of a Brazilian Acrisol under the influence of different doses and forms of lime.
MATERIAL AND METHODS

Site and field experiment description
An experiment conducted for 12 years on a soil under no-till conditions was chosen because of contrasting soil chemical properties due to doses and forms of liming. It is located in the experimental area of the Universidade Federal de Santa Maria (latitude 29 ° 43 ' 04 '' S and longitude 53 ° 42 ' 06 '' W), in the State of Rio Grande do Sul, Brazil. The soil is a medium textured Argissolo according to Sistema Brasileiro de Classificação de Solos (Embrapa, 2006) , Acrisol in the WRB (FAO, 2006) and Paleudalf in Soil Taxonomy (USDA, 1999) . The soil developed a soft wavy relief on parental material originating from sandstone. The region has a humid subtropical climate with annual precipitation of 1,600 mm, welldistributed throughout the year, and an annual average temperature of 19.2 ºC with all four seasons well-defined (Moreno, 1961) .
Plots measuring 12 x 12 m were delimited on an area covered by prairie, located on half the hillside, in 1994. Main plot treatments consisted of the distribution of lime doses over the soil, while in a subplot (half plot), the lime was incorporated using a single disk plow plus two diskings, with an approximate 0.20 m depth of soil disturbance. The doses of lime were 0.0, 2.0, 8.5 and 17.0 Mg ha -1 , and the dose of 2.0 Mg ha -1 was once again applied on soil surface two years after the first application (2+2 Mg ha -1 ). Since that time, the area has been cultivated in a no-till system using crop rotation: maize, soybeans, Italian ryegrass and white clover. Details of the experimental procedure and crop management procedures can be found in Rheinheimer et al. (2000) and Kaminski et al. (2005) .
Physicochemical analysis of the soil, performed according to Tedesco et al. (1995) when installing the experiment, presented the following results for the layer from 0.0-0.2 m: clay content, 190 g kg -1 ; silt, 260 g kg -1 ; sand, 550 g kg -1 ; pH in water, 4.4; total organic matter content, 37 g dm -3 ; exchangeable Al, 3.30 cmol c dm -3 ; exchangeable Ca + Mg, 3.7 cmol c dm -3 ; available P, 2.3 mg dm -3 ; and exchangeable K, 54 mg dm -3 . The SMP pH, buffered at pH 7.5, was 4.5. This value corresponds to 17 Mg ha -1 of lime needed to increase the pH (water) of the soil to 6.0 (CQFSRS/SC, 2004) . In 2005, undisturbed soil samples in the layer from 0.00-0.05 m were collected using 0.10 m diameter cores. An aliquot of soil (< 2 mm) was submitted to a new chemical characterization following Tedesco et al. (1995) (Table 1) . (1) Method following Monnier et al. (1973) .
(2) Method following Tedesco et al. (1995) ; CEC E is effective cation exchange capacity; CEC 7 is cation exchange capacity at pH 7.0. 
Soil physical analysis
Material of the undisturbed samples originated aggregates and clods with a size between 3 and 6 cm³. The mass of the clods was determined in natural humidity, under immersion in kerosene and after drying at 105 ºC until constant weight. Following Monnier et al. (1973) , the volume of the clods was determined, so, the soil bulk density can be calculated (Table 1 ).
The study of the aggregate stability by the traditional method was performed in the Land Use and Natural Resources Laboratory of the Universidade de Passo Fundo. Undisturbed samples were removed from their cores and sample aliquots were separated. Aggregates with a size between 8.00 and 4.76 mm were produced from larger clods with the aid of sieves and manual force from fingers. The technique of distribution of aggregates stable in water was performed in accordance with Kemper & Chepil (1965) and Embrapa (1997) , using an oscillation device described by Yoder (1936) .
In summary, the analysis began with samples, in triplicates, with 15 g of aggregates, placed over a set of four sieves with meshes of 4.76, 2.00, 1.00 and 0.212 mm. After slow wetting, the samples were submitted to constant vertical oscillation for 10 min at 42 movements per minute. The material retained was quantified in each sieve and was collected in a becker. The material that passed through the sieve mesh of 0.212 mm was determined by the difference between the mass of total samples and the mass retained on the sieves. The mass of the aggregates after drying at 105 °C was determined for material referring to the 6.36, 3.38, 1.50, 0.605 and 0.105 mm mean diameters.
The aggregation indexes determined were: the mean weighted diameter (MWD -Equation 1), the geometric mean diameter (GMD -Equation 2) and the aggregate stability index (ASI, %).
( 1) where w i is the proportion of each class in relation to the total; x i is the mean diameter of the class (mm); (2) where w p is the mass of each class.
The aggregation stability index is the ratio between the mass of the total sample and the mass of the sample retained in the 0.212 mm sieve mesh, expressed in percent.
The method for studying aggregate stability by laser diffraction was as follows. Aggregates with a size between 1.0 and 2.0 mm were separated using two sieves; the samples in three replicates were submitted to laser diffraction at several levels of mechanical, chemical and physical stresses. A CILAS® 1180 laser grain-size analyzer and Particle Expert® software were used, ranging from 0.04-2,500.00 μm, with three fibers and collimated laser diodes of 3 and 7 mW, wavelength λ = 635 and 830 nm. In regard to operating conditions, samples were placed in a 500 mL water cell, lit by the low-intensity laser beam, and the scattered light was focused on the detectors by means of Fourier lens. The Fraunhofer or Mie theories were applied in the measurement of fine and coarse particles. The light scattering technique determines the radius of the particles and offers data in 95 fractions. Thus, the particles or aggregates in the samples are considered as spheres. The reflective index of the material was defined in a computer program in order to correspond to the soil samples. Details regarding the main technique are also found in Dur et al. (2004) and Bortoluzzi & Poleto (2006) .
Aggregates of 2 g of mass were dried at room temperature and placed in the cell of the LD apparatus, where measurements were carried out after the following stress pre-treatments: 1 st ; immediately after placing the aggregates inside the LD-cell containing deonized water; 2 nd : after one minute of agitation; 3 rd : after three minutes of agitation in the presence of 5 mL of Calgon ® ; 4 th : after one minute of agitation under ultrasound at 35 W; 5 th : after two minutes of agitation under ultrasound at 35 W; 6 th : after three minutes of agitation under ultrasound at 35 W.
All pre-treatments were made successively and under constant agitation, and the last one was the most aggressive or intense, because it accumulated physicochemical and mechanical stress. A protocol for using LD for studying soil aggregation stability will be proposed following precision analysis (mean standard error) and the dynamic of aggregate size distribution after pre-treatment applications.
In order to study the effects of the lime doses and forms on aggregate size stability, the aggregation indexes were calculated for each level of stress or pretreatment, namely, the mean weighted diameter (MWD) and the aggregate stability index (ASI), except for the GMD that was not calculated for this method. The results were presented in diagrams, where aggregate size distributions are expressed in volume units. Anova analysis was carried out in a random block design, considering lime doses as the main treatment and forms of lime application as split-plots. The Tukey test was applied, and regression analyses were made for the quantitative data, whenever necessary. A Pearson correlation between chemical and physical parameters was also carried out on the data.
RESULTS AND DISCUSSION
Soil aggregation studied by the traditional method (Kemper & Chepil, 1965 ) Table 2 shows the values for structure stability determined by the Kemper & Chepil (1965) method.
There was no interaction between the treatments, i.e. lime doses and forms of application. The mean values of MWD, GMD and ASI were, respectively, 6.13, 2.12 and 97.4 %. These values were considered high compared to MWD for Red Latosols (Souza et al., 2009 ), but they were very similar to those found by Reichert et al. (2006) studying an Acrisol. As the MWD values found are very close to the modal diameter of the aggregates submitted to the test, the soil structure stability was considered high.
The lime forms and the doses applied in 1994 did not affect the soil structure stability at the present time, due to soil management in a no-tillage system and crop rotation carried out during the experiment. As expected, the traditional method that uses the macro-aggregates (4.76 and 8.00 mm) is not able to provide evidence of changes in soil aggregation due to different lime doses. These results reinforce the ones obtained by Castro Filho et al. (1998), and Costa et al. (2004) in studies of aggregate stability of Brazilian soils, and Veiga et al. (2008) in studies of soil hydraulic properties. Furthermore, the attempt at establishing a relationship between soil aggregation and changes in the electrochemical properties due to liming practices would be more promising with an LD method that uses micro-aggregates.
Laser diffraction as a method of studying soil aggregation stability Figure 1 shows the proportion in percentage (v/v) of 95 classes of aggregate sizes by LD in only three levels of stress, i.e. first, third and sixth pretreatments, because they are representative of all pretreatment stresses. In all the curves, it can be observed that the mean standard error was very small, demonstrating good precision among the laser diffraction observations. The modal diameter aggregate size (aggregate size value corresponding to the peak of the curve) varied according to the intensity of the applied stress, i.e., as the stress applied became cumulative and more intense, the modal diameter of the aggregates became smaller (Figure 1) .
Measurements of the soil structure stability are based on the dynamics of diminishing aggregate sizes due to the application of mechanical and chemical stresses (Kemper & Chepil, 1965; Le Bissonnais, 1996) . Considering the levels of stress or pretreatments (Figure 1) , it may be observed that the first two (1 st ) and (2 nd ), with one and three minutes of agitation, presented similar modal diameters of aggregates for two lime forms and doses (only the first curve shown). However, in the third level of stress, the inclusion of Calgon® and agitation for three more minutes quickly decreased the modal diameters of the aggregates. On average the aggregate sizes diminished from 238 to 65 μm in the lime left on the soil surface and from 229 to 98 μm in lime incorporated in the soil. Using ultrasound, i.e. 4, 5 and 6 th pretreatments, the modal diameters of the aggregates decreased more slowly, tending to be similar to each other after the first use of ultrasound (4th stress level), varying from 30 to 50 μm. Poleto et al. (2007) studied the use of ultrasound with different intensities and times, and they verified that the time under ultrasound, as compared to their intensity, did not seem to have an influence on the dispersion of samples. In this study, reduction of the modal diameters of the aggregates was observed, especially in the first to third and in the sixth stress level. Ultrasound did not promote greater changes in the modal diameters of aggregates, because its effects on the samples were accumulated with the others.
The laser diffraction protocol demonstrated that in addition to being precise, it is a powerful tool for studying soil aggregation. Observations from Muggler et al. (1997) confirmed that the LD techniques provide much more detailed information than classical methods in identifying particle size shifts.
The most effective pre-treatments in LD testing are those that use only agitation forces (1st and 2nd stress levels) and chemical dispersant stress (3rd stress level). This interpretation is consistent with Dur et al. (2004) , who verified that the precision and accuracy of the measurements in LD on dispersed soils were confirmed by observations in high resolution transmission electronic microscopy (HRTEM).
The methods presented certain peculiarities concerning the previous treatment of the samples and the mass and the initial size of the aggregates, as well as the type and duration of the applied stress. Methods such as the one suggested by Kemper & Chepil (1965) are commonly used in Brazil in order to study the soil structure changes due to soil management practices, including the changes in organic matter contents (Castro Filho et al., 1998) . That method uses wet aggregates with a size between 4.76 and 8.00 mm under slow sieving agitation under water, while the method proposed here suggests microaggregates with a size between 1 and 2 mm under the presence of water, in addition to using a small initial mass of aggregates. 
Effect of stress level, lime doses and forms on soil aggregate stability
In the first stress (1st), lime left on the soil surface presented modal diameter aggregates between 212 and 246 μm (average of 238 μm), while the incorporated lime presented very similar values, between 212 and 250 μm (average of 229 μm) (Figure 1) . However, when the lime doses were increased, the modal diameter of the aggregates tended to increase, especially for incorporated lime. This suggests that soil under liming presents more stable aggregates in the soil water stability test. This is consistent with Haynes & Naidu (1998) and Pernes-Debuyser & Tessier (2004) , who observed that soil with high pH due to lime application presented a greater quantity of aggregates larger than 50 μm than with other nutrient sources tested.
Regarding the stability indexes (Table 3) , the MWD and ASI differed with stress levels, following the tendency of the modal diameter of aggregates reported in figure 1 . MWD values decreased from 14.37 μm, in the first stress level, to 4.94 μm, in the sixth stress level (Table 3 ). The MWD diminished from the first to the fourth stress level, however it stabilized in the last three levels. Furthermore, the aggregate stability index (ASI) varied from 67.52 % in the first stress applied to 15.50 % in the sixth stress, similar to the MWD, i.e. the aggregate stability diminished up to the fourth stress applied; however, it stabilized in the last three. Note that the observations in LD were very much reproduceable, confirmed by the low values for the coefficient of variation (Table 3) as well as by the short vertical bars (Figure 1 ). This suggests that the ASi obtained in LD measurements coherently represent soil micro-aggregate stability. It is probably due to the tests having been made on smaller aggregates that they tend to show intrinsic particle properties, such as cohesion (Le Bissonnais, 1996; Amézketa et al., 2003) .
Regarding the forms of lime application, there was no difference in the aggregate stability indexes (MWD and ASI) between the lime left on the soil surface and the lime incorporated (Table 3 ). These findings suggest that soil management under a no-till system for 12 years after liming, enabled the soil to reduce the effects of the disorder in the physical properties of the soil caused by the incorporation of lime. This interpretation is consistent with those reached by Silva et al. (2000) , Lima et al. (2006) and Tavares Filho et al. (2006) .
A statistical interaction was observed between lime doses and lime application forms for the MWD (p = 0.065) and ASI (p = 0.069). More precisely, when lime left on the soil surface, without being incorporated, presented no significant differences for these properties (Table 3 ). It is likely that the lime, after being dissociated in its base (OH -) and cations (Ca 2+ or Mg 2+ ), acts as an agent of soil particle aggregation or cementation (Haynes & Naidu, 1998; Pernes-Debuyser & Tessier, 2004) , especially where it had been incorporated (0-0.20 m). This interpretation is supported by observations made by Haynes & Naidu (1998) , as well as the correlation among soil chemical properties, i.e. CEC and exchangeable cations and micro-aggregation of the soil. A positive relationship was found between MWD values and the sum of bases (r = 0.52); whereas it was the inverse with CEC 7 (r = -0.57). The same tendency is also observed for ASI when the lime is (1) Indicate needs of the regression analysis, means from quantitative treatment statistically significant. Means followed by the same letter in the given column are not statistically different (Tukey, p < 0.05). CV is the coefficient of variation expressed in percent; ns is not significant at p < 0.05 in variance analysis.
R. Bras. Ci. Solo, 34:725-734, 2010 incorporated in the soil. These findings are in accordance with interpretations found in the literature (Prost et al., 1998; Amézketa et al., 2003; PernesDebuyser & Tessier, 2004; Bortoluzzi et al., 2008a) . Thus, the increase in values of chemical properties due to lime incorporation in the soil promotes greater soil aggregation.
However, this effect could not be verified when the lime was kept on the surface, because there is not a total dissolution of the lime on the surface, especially in the larger doses, due to a high pH in the first centimeters of the soil surface. This understanding is confirmed by Rheinheimer et al. (2000) , who perceived that the corrective effect of lime only occurs when lime on the surface is dissolved at pH values < 5.3, when studying the dissolution of lime. The effects of the lime doses on aggregation are limited when the lime is kept on the surface, since most of the doses do not present complete dissolution of the lime, which is reflected in the MWD and ASI. It is interesting to note that the relationship between the soil stability indexes and the chemical soil properties are inverted, in comparison with those found in incorporated lime. The MWD and ASI for the treatment, when lime was left on the soil surface, presented coefficients of correlation for the sum of bases of r = -0.83 and r = -0.93, respectively and for CEC 7 of r = 0.89 and r = 0.83, respectively. This can be explained as a response to an excess dosage of lime on the soil surface (17 Mg ha -1 ), as it is approximately four times higher than the dose recommended for notill on the soil surface (CQFSRS/SC, 2004).
Considering the mean of the six stress levels for the MWD and ASI variables, it can be seen that there was a significant response to the lime doses when incorporated in the soil (Figure 2) . Figure 2 shows the relationship between MWD and ASI as a function of lime doses when they were incorporated in the soil. MWD and ASI values increased together with the increase in lime doses. This increase is regulated for the MWD and ASI, respectively, by the linear expressions: = 7.96 + 0.0728x, with R² = 0.986 (p < 0.05) and, = 32.95 + 0.323x, with R² = 0.876 (p < 0.05). There was an increase of MWD and ASI values, respectively of around 0.07 μm and 0.3 % for each 1,000 kg of lime applied.
In summary, even after 12 years of lime application, it is still possible to visualize the effects of liming on chemical properties, as was also reported by Kaminski et al. (2005) . As expected, the soil chemical properties presented that, in general, an increase in the lime doses increases the values of pH, Ca, Mg and CEC E , especially when lime is left on the soil surface (Table 1) . These findings corroborate our hypothesis, suggesting that the electrochemical condition of the soil due to liming affects soil microaggregation, in addition to factors found in the literature such as soil mineralogy, soil texture, soil organic matter contents and soil management (Le Bissonnais, 1996; Muggler et al., 1997; Griève, et al., 2005; Veiga et al., 2009) . Changes in the soil aggregation process in small scale studied by laser diffraction as a response to soil electrochemistry can be considered an advance in studies of physical properties, as reported by Haynes & Naidu (1998) . Thus, this work contributes to a better understanding of the effects from the electrochemistry of the soil as a result of liming on the aggregation of an Acrisol. This indicates that liming must be considered as a practice which promotes extensive alterations in the soil, not only on its chemical properties, but also on its physical properties, as also suggested by Bortoluzzi et al. (2008a) .
CONCLUSIONS
1. The laser diffraction (LD) method explains in detail the micro-aggregation of an Acrisol, while the traditional method of macro-aggregates has not been able to. The pre-treatments in LD including agitation forces and a chemical dispersant are able to discriminate the modal aggregate sizes in tests.
2. The form of lime application did not provide changes in macro-and micro-aggregation indexes, i.e. MWD and ASI. However, changes in soil electrochemistry, due to lime doses incorporated in the soil, promote great micro-aggregate stability, demonstrating that soil chemical properties are linked to soil micro-aggregation.
